Introduction {#s1}
============

The three receptor tyrosine kinases of the TAM family--Tyro3, Axl, and Mer---are expressed in sentinel cells of the immune system, endothelial cells of the vasculature, neurons and glia of the nervous system, and professional phagocytes of the immune, nervous, and reproductive systems ([@bib35]). In these settings, TAM signaling regulates multiple functions but two are especially prominent. The first is the 'homeostatic' or silent phagocytosis of the billions of apoptotic cells (ACs) that are generated on a daily basis throughout life ([@bib68]; [@bib36]). The second is the inhibition of the innate immune inflammatory response in dendritic cells (DCs), macrophages, and other sentinel cells of the immune system ([@bib61]; [@bib38]). Deficiencies in TAM expression or activity lead to autoimmunity, blindness, and infertility ([@bib42]; [@bib14]; [@bib43]; [@bib16]; [@bib37]; [@bib62]; [@bib35]). Conversely, over-expression or aberrant activation of Tyro3, Axl, or Mer (gene name *Mertk*) is associated with the development, progression, and metastasis of cancers ([@bib3]; [@bib13]; [@bib35]; [@bib48]; [@bib58]). Axl in particular has been shown to mediate the resistance of solid tumors and leukemias to epidermal growth factor receptor (EGFR)-directed chemotherapeutic agents ([@bib25]; [@bib86]; [@bib48]). Elevated TAM expression has also recently been implicated in increased susceptibility to infection by enveloped viruses ([@bib71]; [@bib49]; [@bib47]; [@bib5]).

The importance of TAM activity notwithstanding, the differential signaling capacity of the two soluble ligands that activate TAM receptors---Gas6 and Protein S (gene and protein names Pros1) ([@bib74]; [@bib81])---is incompletely understood. Gas6 is thought to function as a ligand for all three receptors ([@bib74]; [@bib50]; [@bib10]), but the role of Pros1 as a ligand for one or more TAM receptors has until recently been controversial ([@bib22]; [@bib1]; [@bib23]). At the same time, the unique structural features of Gas6 and Pros1---in which a C-terminal 'SHBG domain' binds to the Ig-like domains of TAM receptors while an N-terminal γ-carboxylated 'Gla domain' binds, in a Ca^2+^-dependent reaction, to the phospholipid phosphatidylserine (PtdSer) ([@bib38]; [@bib35])---have led to conflicting conclusions as to the relative importance of these two domains in receptor binding vs activation ([@bib45]; [@bib52]; [@bib76]). Although Gas6 and Pros1 binding to the PtdSer-containing membranes of enveloped viruses potentiates TAM activation ([@bib47]; [@bib5]), and the Gla domain is thought to be required to 'bridge' a TAM receptor expressed on the surface of a phagocyte to the PtdSer expressed on the surface of its AC target ([@bib38]; [@bib36]; [@bib51]), a preparation of recombinant mouse Gas6 that lacks the Gla domain entirely is sold commercially as a TAM activator.

Potentially distinct roles for Pros1 and Gas6 in vivo have only recently begun to be appreciated ([@bib8]; [@bib9]), and to date only a single genetic study of the importance of Gas6 vs Pros1 in a TAM-dependent process has been reported ([@bib8]). This study addressed TAM signaling during the phagocytosis of photoreceptor (PR) outer segments by retinal pigment epithelial (RPE) cells ([@bib75]), which express Mer and Tyro3 but no Axl ([@bib59]). RPE phagocytosis of the PtdSer-displaying tips of PR outer segments ([@bib63]) requires Mer---mice, rats, and humans that carry loss-of-function mutations in the *Mertk* gene are blind, due to the cell-non-autonomous degeneration of nearly all PRs ([@bib14]; [@bib21]; [@bib16]; [@bib59]; [@bib44]; [@bib53]). This cell death results from the accumulation of toxic oxidated proteins that are generated during the course of phototransduction and are removed by phagocytosis. Retinal loss of either the mouse *Gas6* or *Pros1* gene alone yields a retina with a normal number of PRs, but the combined loss of *Pros1* and *Gas6* results in a PR degeneration phenotype that fully phenocopies the cell death seen in *Mertk*^*−/−*^ mice ([@bib8]). While this analysis demonstrated that Pros1 is sufficient to drive Mer-dependent phagocytosis in RPE cells, the presence of Tyro3 in these cells raised the possibility that Pros1 activation of the Mer kinase might be dependent on Pros1 binding to Tyro3.

In the current study, we have used biochemistry, receptor activation profiling, and genetic analyses of single and compound mouse mutants to establish the basic rules for TAM ligand--receptor interaction, signaling, and function. We find that Gas6 activates all three TAM receptors, but is an especially potent ligand for Axl, with which it has a unique association. In contrast, Pros1 activates Tyro3 and Mer but is inactive as an Axl agonist. Notably, we find that the Gla domains of TAM ligands are dispensable for receptor binding but are critical for optimal receptor activation, and that for Gas6 activation of Axl, this requirement is absolute. We conclude that a complete TAM signaling module is composed of a receptor, a γ-carboxylated protein ligand, and the phospholipid PtdSer, a tripartite arrangement that is unique to the TAM family. Finally, we show that Mer is the functionally predominant TAM receptor in two different settings of 'homeostatic' PtdSer-dependent phagocytosis in vivo--in the retina and the testes--and that Pros1 binding to and activation of Mer alone is sufficient to ensure wild-type levels of phagocytosis in these settings.

Results {#s2}
=======

Derivation of assay tools {#s2-1}
-------------------------

We first generated highly pure preparations of recombinant mouse Gas6 and Pros1. We transfected pCEP4-based expression plasmids containing cDNAs for both full-length and Gla domain-deleted ('Gla-less') versions of these TAM ligands into HEK293 EBNA cells ([@bib64]) and selected stable transformants. Lines expressing the highest levels of each ligand were grown in serum-free production medium supplemented with vitamin K2, required for γ-carboxylation of Gla domain glutamic acid residues ([@bib4]). Ligands were purified to apparent homogeneity from conditioned medium, using affinity purification on a nickel-NTA resin followed by size exclusion and anion exchange chromatography (see 'Materials and methods').

All recombinant mouse ligands ran as single bands under reducing conditions on SDS polyacrylamide gels and eluted from an anion exchange column as a single peak suggesting that the ligands were pure ([Figure 1A](#fig1){ref-type="fig"} and data not shown). Commercially available Protein S purified from human plasma (hPros1) ran as a single predominant band under reducing conditions, together with a secondary band of lower molecular weight ([Figure 1A](#fig1){ref-type="fig"}). Size exclusion chromatography suggested that full-length Gas6 in solution is a mixture of monomers, dimers, and/or higher order multimers, whereas the Gla-less form appeared as a monomer ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). These elution profiles are consistent with earlier work on hPros1, indicating that it forms disulfide-linked multimers, and that multimerization is enhanced by apoptotic cells ([@bib78]).10.7554/eLife.03385.003Figure 1.Recombinant TAM ligands and surface expression of TAM receptors.(**A**) Purified recombinant full-length and Gla-less mouse Gas6 (rmGas6 and Gla-less rmGas6, respectively) and full-length and Gla-less Pros1 (rmPros1 and Gla-less rmPros1, respectively) were run under both reducing (r) and non-reducing (nr) conditions in SDS-PAGE. In parallel, purified human Pros1 (hPros1) was also run under reducing and non-reducing conditions. Gel was stained with Gel Code Blue (Pierce). (**B**) Live cell labeling of Tyro3 (top panels) and Axl (bottom panels) on the surface of clonal populations of TAM TKO MEF lines expressing HA-tagged recombinant mouse Tyro3 (left), recombinant mouse Axl (middle), or recombinant mouse Mer (right). Bar: 100 μm. (**C**) Induction of HA-tagged Mer expression in a Mer_TAM TKO MEF line in the presence of increasing concentrations of TetExpress transactivator protein (Clontech). In this and all the subsequent blots in which the HA tag was used for both immunoprecipitation (IP) and immunoblotting (IB), two different anti-HA antibodies were used: an anti-HA high affinity for IP and an anti-HA.11 for IB.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.003](10.7554/eLife.03385.003)10.7554/eLife.03385.004Figure 1---figure supplement 1.Size exclusion chromatography of full-length and Gla-less Gas6.Purified full-length recombinant mouse Gas6 (rmGas6, black trace) and Gla-less rmGas6 (red trace) were loaded onto and eluted from a Superdex 200 HR 10/30 gel filtration column.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.004](10.7554/eLife.03385.004)10.7554/eLife.03385.005Figure 1---figure supplement 2.TAM receptor expression in immortalized cell lines.Lysates from the indicated cell lines were subjected to SDS-PAGE and subsequent immunoblotting with antibodies against Tyro3 (top), Axl (middle), and Mer (bottom). Anti-Gapdh serves as a loading control. All established cell lines we have analyzed express at least one TAM receptor.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.005](10.7554/eLife.03385.005)

In order to have cellular assay targets in which individual TAM receptors could be expressed and their expression level normalized between cell lines, we first prepared immortalized mouse embryo fibroblast (MEF) lines from embryonic day (E)13.5 *Tyro3*^*−/−*^*Axl*^*−/−*^*Mertk*^*−/−*^ triple mutants ('TAM TKO') and all three possible double mutants (e.g., *Tyro3*^*−/−*^*Mertk*^*−/−*^, or 'TM DKO') ([@bib42]; see 'Materials and methods'). The TAM TKO MEF lines provide a baseline cell population that lacks expression of any TAM receptor and the double mutant lines isolate a single receptor. This was particularly important, since in surveys of established cell lines we were unable to identify any human, mouse, rat, hamster, or monkey immortalized line that did not express at least one endogenous TAM receptor. \[Selected examples of TAM expression in cultured cells are shown in [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}\] This suggests that all prior analyses of TAM receptor activation have been encumbered by the expression of endogenous Tyro3 and/or Axl and/or Mer.

We generated multiple clonal cell lines in the background of the TAM TKO MEFs that express HA-tagged versions of mouse Tyro3, Axl, and Mer, respectively. We then selected one clonal population from the Tyro3 and Axl sets that expressed equivalent levels of these receptors, based on detection of the HA tag ([Figures 1B and 2D](#fig1 fig2){ref-type="fig"}; see 'Materials and methods'). Expression in these Tyro3- and Axl-expressing MEFs was not maximal among the clones we isolated but was physiological in that we did not observe receptor activation (autophosphorylation) in the absence of added ligand ([Figure 2](#fig2){ref-type="fig"}), a phenomenon frequently observed when RTKs are over-expressed. Although we were also able to isolate MEF lines expressing Mer, these lines always (for unknown reasons) expressed much lower levels of this receptor ([Figure 1C](#fig1){ref-type="fig"} and data not shown). For the Mer-expressing MEF line analyzed in this paper, we used a stable clonal line generated by expressing HA-tagged recombinant mouse Mer under the control of a TetExpress-inducible promoter (Clontech; [Figure 1C](#fig1){ref-type="fig"}). For the Tyro3- and Axl-expressing MEF lines, we used Tyro3 and Axl antibodies directed against the extracellular domains of the receptors to live label non-permeabilized cells in culture and demonstrate surface expression of the individual receptors ([Figure 1B](#fig1){ref-type="fig"}). Mer expression in clonal, Tet-inducible Mer_TAM TKO MEF lines, while detectable by western blot ([Figure 1C](#fig1){ref-type="fig"}), was too low to be detected by immunocytochemistry.10.7554/eLife.03385.006Figure 2.Gas6 and Pros1 exhibit TAM receptor selectivity.(**A**) Tyro3-expressing MEFs were stimulated with either human Pros1 (hPros1) or recombinant mouse Pros1 (rmPros1). (**B** and **C**) Tyro3-expressing MEFs were stimulated with increasing concentrations of full-length recombinant mouse Gas6 (rmGas6), recombinant mouse Pros1 (rmPros1, **B**), or purified human Pros1 (hPros1, **C**). (**D**) Tyro3- and Axl-expressing MEFs were stimulated with increasing concentrations of rmGas6. (**E**) Axl-expressing MEFs were stimulated with increasing concentrations of rmGas6 or rmPros1. (**F**) Tyro3- and Axl-expressing MEFs were stimulated with increasing concentrations of hPros1. (The lower molecular weight doublet in lanes 8--14 of the anti-pY blot of this panel, in lanes 1 and 8--11 of the anti-pY blot of panel **E**, and in lane 8 of the anti-pY blot of panel **D** is seen only in Axl-expressing MEFs in which Axl is not activated by exogenous ligand and its intensity does not increase with increasing concentration of hPros1 or rmPros1. It may represent basal Axl phosphorylation caused by low levels of MEF-produced (endogenous) Gas6. See also lanes 1 and 7--12 of the anti-pY blot of [Figure 3B](#fig3){ref-type="fig"}) (**G**) Mer-expressing MEFs were stimulated with increasing concentrations of rmGas6 or hPros1. (**H**) Dexamethasone-treated bone marrow-derived macrophages (Dex_Mϕ) were stimulated with increasing concentrations of rmGas6 or hPros1. Following stimulation with ligand for 10 min at 37°C, HA-tagged Tyro3 (**A**--**D** and **F**), Axl (**D**--**F**), Mer (**G**), or endogenous Mer (**H**, figure supplement 1) were immunoprecipitated from total cell lysates and subjected to SDS-PAGE and quantitative Licor western blotting (panels **G**, **H**, ECL western blotting system) with the indicated antibodies. In this and subsequent figures, receptor activation was assessed by blotting immunoprecipitates with an anti-phosphotyrosine antibody (pY).**DOI:** [http://dx.doi.org/10.7554/eLife.03385.006](10.7554/eLife.03385.006)10.7554/eLife.03385.007Figure 2---figure supplement 1.Mer activation by rmGas6 and rmPros1.Dex_Mφ were stimulated with increasing concentrations of rmGas6 or rmPros1.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.007](10.7554/eLife.03385.007)

Distinct TAM receptor activation profiles for Gas6 and Pros1 {#s2-2}
------------------------------------------------------------

We first assayed full-length recombinant mouse Gas6 and Pros1, together with purified human Pros1, for their ability to activate mouse Tyro3, Axl, and Mer. We measured activation of single receptors expressed in MEFs by monitoring their tyrosine phosphorylation 10 min after ligand addition to cells in serum-free medium, using immunoprecipitation with antibodies to the individual receptors (or their C-terminal HA tag) followed by immunoblotting with an anti-phosphotyrosine antibody (see 'Materials and methods'). We found that both purified human and recombinant mouse Pros1 (hPros1 and rmPros1, respectively) were capable of rapidly activating Tyro3 autophosphorylation ([Figure 2A--C](#fig2){ref-type="fig"}). In our hands, purified hPros1 was more stable biochemically and often more potent than rmPros1 ([Figure 2A](#fig2){ref-type="fig"}), and we therefore used the human protein for the majority of the Pros1 experiments described below. However, both the mouse and human ligands were active ([Figure 2B,C](#fig2){ref-type="fig"}). Consistent with these observations, both mouse and human Pros1 were also recently found to be active as ligands for a chimeric receptor comprised of the mouse Tyro3 ectodomain linked to the cytoplasmic domain of the R1 chain of the interferon (IFN)-gamma (γ) receptor ([@bib77]). (Activation of this chimera, expressed in CHO cells, was monitored by tyrosine phosphorylation of STAT1.)

Mouse Tyro3 was also strongly activated by rmGas6 ([Figure 2B--D](#fig2){ref-type="fig"}). In contrast, we found that mouse Axl could only be activated by rmGas6 ([Figure 2D--F](#fig2){ref-type="fig"}). While we detected 10 min activation of Axl at rmGas6 concentrations as low as 1 nM ([Figure 2D](#fig2){ref-type="fig"}), we could not detect Axl activation by either mouse Pros1 ([Figure 2E](#fig2){ref-type="fig"}) or human Pros1 ([Figure 2F](#fig2){ref-type="fig"}) at any concentration tested. Correspondingly, hGas6 but not mPros1 has been found to induce STAT1 phosphorylation downstream of a chimeric mAxl/γR1 receptor expressed in CHO cells ([@bib77]).

We used similar dose--response titrations to assess the ability of Gas6 and Pros1 to activate Mer. We found that both ligands were capable of activating this receptor in Mer-expressing MEFs, but that rmGas6 was more potent than hPros1 in this assay ([Figure 2G](#fig2){ref-type="fig"}). Finally, as our Mer-expressing MEFs have much lower receptor levels than Tyro3 or Axl-expressing MEFs, we also performed the same analysis using dexamethasone-treated mouse bone marrow-derived macrophages (Dex_Mϕ). These cells have levels of Mer comparable to those of Tyro3 or Axl in the MEF cell lines and do not express any other TAM receptor ([@bib46]; [@bib85]; and data not shown). We found that both rmGas6 and hPros1/rmPros1 also function as a ligand for Mer in these cells ([Figure 2H](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}).

The Gas6 Gla domain is essential for optimal TAM receptor activation {#s2-3}
--------------------------------------------------------------------

Together with several components of the blood coagulation cascade, including prothrombin, Protein C, and factors VII, IX, and X, both Gas6 and Pros1 carry 'Gla domains'---polypeptide segments of ∼45 amino acids that contain clusters of 10--12 glutamic acid residues whose gamma carbons are post-translationally carboxylated in a vitamin K-dependent reaction ([@bib74]; [@bib54]; [@bib27]; [@bib4]). This γ-carboxylation of glutamic acid is required for the Ca^2+^-dependent binding of Gla domains to PtdSer, which is displayed on the surface of apoptotic cells (ACs) and enveloped viruses ([@bib5]). It is indispensible for the bioactivity of the Gla domain-containing proteins of the coagulation cascade and is a principal reason that vitamin K is an essential vitamin ([@bib20]; [@bib29]; [@bib4]; [@bib60]; [@bib35]). The anticoagulant warfarin and related blood thinners antagonize vitamin K-dependent γ-carboxylation of Gla domains ([@bib73]).

We first compared the ability of full-length vs Gla-less mouse Gas6 to activate Tyro3. Gla-less Gas6 is deleted for the first 115 residues of the protein, including the Gla domain, but retains all four EGF-like domains and the SHBG-like domain. We found that although both full-length and Gla-less rmGas6 were capable of activating Tyro3, the full-length protein was markedly (∼20-fold) more potent ([Figure 3A](#fig3){ref-type="fig"}). When we performed this same comparison for Axl-expressing MEFs, we observed an even stronger dependence. Full-length Gas6 was a very potent Axl ligand ([Figure 3B](#fig3){ref-type="fig"}, left 6 lanes), but the Gla-less version was incapable of activating Axl at any concentration tested (up to 750 nM; [Figure 3B](#fig3){ref-type="fig"}, right 6 lanes). We found that this stark disparity was unique to Axl. When we compared the ability of full-length and Gla-less rmGas6 to activate Mer in Mer-expressing Dex-Mϕ, we observed a pattern similar to that seen for Tyro3. Although both forms of the ligand were capable of activating Mer, full-length Gas6 was ∼20-fold more potent than its Gla-less counterpart ([Figure 3C](#fig3){ref-type="fig"}). Thus, the TAM receptors fall into two groups based on features of their ligand and PtdSer activation profiles: Tyro3 and Mer are activated by both Gas6 and Pros1, whereas Axl is activated only by Gas6; and while Gla-less Gas6 is a substantially weaker ligand for Tyro3 and Mer, it is effectively dead as a ligand for Axl.10.7554/eLife.03385.008Figure 3.The role of the Gla domain in TAM receptor activation.(**A**, **B**, **C**) Tyro3-expressing MEFs, Axl-expressing MEFs, or dexamethasone-treated BM-derived macrophages expressing Mer, respectively, were stimulated with the indicated increasing concentrations of full-length rmGas6 or Gla-less rmGas6, respectively. Total cell lysates were immunoprecipitated with either HA antibodies (**A** and **B**) or Mer-specific antibodies (**C**) and subsequently subjected to SDS-PAGE and quantitative Licor western blotting (panel **C**, ECL western blotting) with the indicated antibodies. (**D**) MEFs expressing Axl or a chimeric receptor composed of the Tyro3 extracellular domain linked to the Axl tyrosine kinase domain (ECD~T~TK~A~) were stimulated with either full-length rmGas6 or Gla-less Gas6. Receptors were immunoprecipitated from cell lysates using an HA antibody, and immunoprecipitates were subjected to SDS-PAGE and Licor western blotting with anti-phosphotyrosine and HA antibodies. The higher basal activation of the ECD~T~TK~A~ construct may reflect its higher level of expression. (**E**) Binding assays were performed on Axl-expressing MEFs using a single concentration of ^125^I-labeled full-length rmGas6 in the presence of increasing concentrations of either unlabeled full-length rmGas6 (black) or Gla-less rmGas6 (red). Measured concentrations of unlabeled ligand required for 50% inhibition of displaceable binding (IC~50~) are indicated.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.008](10.7554/eLife.03385.008)

The difference in the ability of Gla-less Gas6 to activate Axl vs Tyro3/Mer is unrelated to any difference in the intrinsic tyrosine kinase activity of the three receptors. We found that a Tyro3--Axl chimeric receptor composed of the Tyro3 extracellular domain linked to the Axl tyrosine kinase, when expressed in TAM TKO MEFs, displayed diminished activation by Gla-less Gas6 similar to that seen with Tyro3 ([Figure 3A,D](#fig3){ref-type="fig"}). This suggests that the interaction of Gla-less Gas6 to Tyro3 and Mer is distinct structurally from its interaction with Axl. Together, these results indicate that the Gas6 Gla domain is required for optimal activation of Tyro3 and Mer, and that this requirement is absolute for Axl.

The Gas6 Gla domain is dispensable for Axl binding {#s2-4}
--------------------------------------------------

We asked whether the marked difference in Axl activation displayed by full-length vs Gla-less rmGas6 was reflected in a difference in Axl binding. Since there have been conflicting reports as to the relative binding affinity of full-length vs Gla-less Gas6 to Axl-Fc fusion proteins, as measured by using BIAcore sensor chips ([@bib52]; [@bib76]; [@bib15]), we measured their Axl binding affinities in a more biologically relevant context; that is, to intact Axl receptor expressed on the surface of TM DKO MEFs (prepared from *Tyro3*^*−/−*^*Mertk*^*−/−*^ embryos) in culture. We radio-iodinated full-length rmGas6 and then performed conventional competitive binding assays using displacement with increasing concentrations of either unlabeled full-length Gas6 or unlabeled Gla-less Gas6 (see 'Materials and methods').

We found that full-length and Gla-less Gas6 displayed essentially the same IC~50~ for Axl binding---approximately 0.7 nM in this assay ([Figure 3E](#fig3){ref-type="fig"}). Thus, the inability of Gla-less Gas6 to activate Axl is unrelated to its ability to bind the receptor; and conversely, the ability of a Gas6 variant to bind Axl is unrelated to its ability to activate the receptor. These properties suggest that a crystal structure of the Axl ectodomain bound to Gla-less Gas6 ([@bib65]) represents a ligand-occupied but inactive Axl configuration. In related work, we have found that these properties are also exceptionally important to Gas6--Axl binding and signaling in tissues in vivo, where Gas6 appears to be specifically and constitutively bound to Axl without significant activation of the receptor ([@bib85]). Consistent with the failure of Pros1 to activate Axl in culture ([Figure 2E,F](#fig2){ref-type="fig"}), we detected no binding of Pros1 to Axl-expressing MEFs (data not shown).

Phosphatidylserine is present in MEF cultures {#s2-5}
---------------------------------------------

The importance of PtdSer for TAM ligand activity suggests that this phospholipid must be available to the purified TAM ligands that are added to MEF cultures (as in [Figures 2 and 3](#fig2 fig3){ref-type="fig"}). This is in spite of the fact that PtdSer is largely confined to the inner leaflet of the plasma membrane bilayer of non-apoptotic cells through the action of a set of P~4~-ATPases---so-called flippases ([@bib80]). Consistent with this hypothesis, we found that the PtdSer-binding protein Annexin A5 antagonized Gas6 activation of Tyro3 in Tyro3_TAM TKO MEFs ([Figure 4A](#fig4){ref-type="fig"}). We therefore probed for the presence of PtdSer in MEF cultures directly. We co-incubated MEFs (grown under the same conditions we used for activation studies) with propidium iodide (PI) and the fluorescent Annexin B12 derivative pSIVA, a polarity-sensitive biosensor that fluoresces only when bound to PtdSer ([@bib30]; [@bib63]), and then analyzed the cells by flow cytometry. We detected significant number of pSIVA^+^PI^−^ apoptotic cells and pSIVA^+^PI^+^ late apoptotic/necrotic cells in the culture medium and even a measurable number of pSIVA^+^PI^−^ and pSIVA^+^PI^+^ cells in the adherent MEFs on the plate ([Figure 4B](#fig4){ref-type="fig"}). Together, these results demonstrate that there are PtdSer-displaying membranes present in the MEF cultures. It is important to note that the molecular weight of PtdSer is ∼385 g/mol, while Gas6 and Pros1 have molecular weights of ∼80,000 g/mol, and that the crystal structure of the prothrombin Gla domain bound to lyso-PtdSer contains only a single molecule of this phospholipid ([@bib27]). Thus, a relatively low level of PtdSer can easily be in molar excess over the Gla domain-containing proteins with which it interacts. In this regard, the addition of either PtdSer-displaying enveloped viruses ([@bib5]) or PtdSer-displaying apoptotic cells ([@bib85]) has been found to markedly shift the dose--response curves for Pros1 activation of Mer and Gas6 activation of Axl/Mer to lower ligand concentrations.10.7554/eLife.03385.009Figure 4.Phosphatidylserine and TAM activation.(**A**) Tyro3-expressing MEFs were treated with the indicated concentrations of Annexin A5 for 10 min and then stimulated with 5 nM full-length rmGas6 for 10 min. Total cell lysates were immunoprecipitated with HA antibodies and subsequently subjected to SDS-PAGE and western blotting with the indicated antibodies. (**B**) FACS analysis. Adherent cells (left) and cells from culture medium ('supernatant', right) from Axl_TAM TKO MEF cultures were analyzed by staining with propidium iodide, which is only taken up by dead cells, and pSIVA, which only fluoresces when bound to PtdSer (right panels). Numbers in the four quadrants of the panels indicate percent of signal in that quadrant. 21.2% of the gated material in the MEF culture supernatant (upper right quadrant in the right panel) represents PtdSer-expressing apoptotic cells. (**C** and **D**) Axl_TAM TKO MEFs (**C**) and control TAM TKO MEFs (**D**) were incubated +/− rmGas6 or Gla-less rmGas6 (as indicated) and +/− 10 mM EDTA for 90 min at 4°C and then live-stained with an anti-Gas6 antibody (green) and Hoechst to visualize nuclei. (**E**) Axl-expressing Axl_TAM TKO MEFs were stimulated +/− 10 nM rmGas6 in the presence of the indicated concentrations of EDTA for 10 min. Total cell lysates were either: (top two blots) immunoprecipitated with HA antibodies and subsequently subjected to SDS-PAGE and western blotting with the indicated antibodies; or (bottom three loading control blots) western blotted with the indicated antibodies. Scale bar (for **C** and **D**) 50 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.009](10.7554/eLife.03385.009)

Gas6 binding to Axl is calcium independent but Gas6 activation of Axl is calcium dependent {#s2-6}
------------------------------------------------------------------------------------------

The binding of Gla domains to PtdSer is also Ca^2+^-dependent ([@bib27]) and can be rapidly disrupted by Ca^2+^-chelating agents such as EDTA. We therefore used immunocytochemistry to ask if rmGas6 binding to Axl in Axl-expressing MEFs is Ca^2+^-dependent. We found that it is not: binding of rmGas6 (at 25 nM) to the surface of Axl-expressing MEFs was readily observed with an anti-Gas6 antibody at 90 min after application (at 4°C), and this binding was unaffected by the inclusion of 10 mM EDTA ([Figure 4C](#fig4){ref-type="fig"}). We also detected equivalent binding of Gla-less Gas6 ([Figure 4C](#fig4){ref-type="fig"}). In control experiments, no Gas6 binding was detected in TAM TKO MEFs ([Figure 4D](#fig4){ref-type="fig"}). These results argue that the observed Gas6 binding is via SHBG domain binding to Axl and not via Gla domain binding to any PtdSer expressed by the MEFs. We then asked whether Gas6 bound to Axl in the presence of EDTA ([Figure 4C](#fig4){ref-type="fig"}, third panel) is capable of activating Axl. We found that it is not: although 10 nM rmGas6 resulted in strong Axl activation in the absence of EDTA, the inclusion of 2, 10, or 50 mM EDTA all blocked this activation ([Figure 4E](#fig4){ref-type="fig"}). These results indicate that the binding of full-length Gas6 alone, in the absence of simultaneous Ca^2+^-dependent binding of its Gla domain to PtdSer, is insufficient to trigger Axl activation.

Gas6 activation of Axl in vivo {#s2-7}
------------------------------

We next extended these cell culture observations to an in vivo setting. We injected either full-length or Gla-less rmGas6 intravenously (IV) into *Gas6*^*−/−*^ mice and then used immunohistochemistry to monitor the binding of these injected proteins to splenic red pulp macrophages. F4/80^+^ red pulp macrophages express both Axl and Mer and are normally also Gas6^+^ ([@bib85]). By 30 min after IV injection, we observed equally strong binding of both full-length and Gla-less rmGas6 to these cells ([Figure 5A](#fig5){ref-type="fig"}). However, this equivalent in vivo binding was not reflected in equivalent Axl activation. When we immunoprecipitated Axl from the spleen 30 min after IV injection of full-length Gas6, we observed that Axl was strongly activated ([Figure 5B](#fig5){ref-type="fig"}). In marked contrast, Axl immunoprecipitated after injection of Gla-less rmGas6 showed zero activation ([Figure 5B](#fig5){ref-type="fig"}). This was in spite of the fact that equivalent amounts of full-length and Gla-less Gas6 could be recovered from the spleen ([Figure 5B](#fig5){ref-type="fig"}). The PtdSer required for activation of Axl by full-length rmGas6 injected IV is presumably provided by both apoptotic cells and circulating PtdSer-exposing microparticles, derived from platelets, erythrocytes, leukocytes, and endothelial cells, which are abundant in the blood ([@bib32]).10.7554/eLife.03385.010Figure 5.Gla-less Gas6 binds but does not activate Axl in vivo.(**A**) Sections of spleens from *Gas6*^*−/−*^ mice 30 min after IV injection of saline (top row), 30 μg full-length rmGas6 (middle row), or 30 μg Gla-less rmGas6 (bottom row), and stained with an anti-Gas6 antibody (first column, green) and an anti-F4/80 antibody to identify splenic red pulp macrophages (second column, red). Merged images from the first and second columns are displayed in the third column. (**B**) Splenic lysates from *Gas6*^*−/−*^ mice injected IV as in (**A**) were immunoprecipitated with the indicated antibodies 30 min after injection, and the immunoprecipitates then immunoblotted for pY and Axl (top two panels), pY and Tyro3 (middle two panels), or Gas6 (bottom panel).**DOI:** [http://dx.doi.org/10.7554/eLife.03385.010](10.7554/eLife.03385.010)

TAM signaling differences reside in the Ig-like domains of the receptors {#s2-8}
------------------------------------------------------------------------

We found that the distinct receptor--ligand activation profiles described above reflect differences that are intrinsic to the Ig-like domains of the TAM ectodomains. We compared the ability of rmGas6 and hPros1 to activate TAM receptor autophosphorylation in MEF lines expressing either full-length Tyro3 or a chimeric receptor composed of the Tyro3 extracellular domain linked to the tyrosine kinase domain of Axl ([Figure 6A](#fig6){ref-type="fig"}). This chimeric receptor was also expressed well in clonal TAM TKO MEF lines ([Figure 6B](#fig6){ref-type="fig"} and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). The activation profiles of both rmGas6 ([Figure 6C](#fig6){ref-type="fig"}) and hPros1 ([Figure 6D](#fig6){ref-type="fig"}) were similar for MEF lines expressing equivalent levels of wild-type Tyro3 or the chimeric Tyro3--Axl hybrid. We found that specificity resides within the two N-terminal Ig-like domains of the receptors, and that both of these domains are required: a hybrid receptor composed of the two Ig-like domains of Tyro3 linked to the remaining domains of Axl ([Figure 6A](#fig6){ref-type="fig"}) was, like Tyro3, potently activated by Pros1 ([Figure 6D](#fig6){ref-type="fig"}, lanes 5--8), whereas a chimera that contained only the first Ig-like domain of Tyro3 ([Figure 6A](#fig6){ref-type="fig"}) was refractory to activation by Pros1 ([Figure 6D](#fig6){ref-type="fig"}, lanes 1--4). These results indicate that the intrinsic catalytic activity of Axl and Tyro3 are stimulated to comparable levels by ligand binding---of either Gas6 or Pros1--to the Tyro3 extracellular domain.10.7554/eLife.03385.011Figure 6.Differences in TAM receptor activation are not due to differences in TAM kinase activity.(**A**) Schematic of wild-type Tyro3 and Axl, a Tyro3/Axl chimeric receptor carrying the complete Tyro3 ectodomain linked to the Axl transmembrane (TM) and tyrosine kinase (TK) domains (ECD~T~TK~A~), and chimeric receptors carrying both Tyro3 Ig domains (ECD~TIgI/II~TK~A~) or only the first Tyro3 Ig domain (ECD~TIgI~TK~A~). FnIII: fibronectin type III repeat. (**B**) Immunostaining of Tyro3-, Axl-, and Tyro3/Axl chimera expressing TAM TKO MEFs, using an anti-HA antibody (green). Bar: 50 μm. (**C** and **D**) MEFs expressing Tyro3 or the indicated Tyro3/Axl chimeric receptors were stimulated with increasing concentrations of either rmGas6 or hPros1, respectively. Cell lysates were immunoprecipitated with anti-HA antibodies and subjected to SDS-PAGE electrophoresis followed by quantitative Licor western blotting with the indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.011](10.7554/eLife.03385.011)10.7554/eLife.03385.012Figure 6---figure supplement 1.Surface expression of Tyro3/Axl chimeric receptors.Live cell labeling of surface expression of Tyro3 or Tyro3/Axl chimeric receptors, respectively. Cells were incubated with Tyro3 and Axl antibodies in combination on ice for 1.5 hr. Scale bar: 50 µm.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.012](10.7554/eLife.03385.012)

Genetic delineation of TAM receptor--ligand interactions in the retina {#s2-9}
----------------------------------------------------------------------

We extended our in vitro observations of differential TAM interactions to two in vivo settings in which genetic analyses have shown that TAM signaling plays an essential role. The first of these is the phagocytosis of the distal tips of photoreceptor\'s (PR) outer segments by the retinal pigment epithelial (RPE) cells of the eye ([@bib59]; [@bib8]). As noted above, Mer is absolutely required for this phagocytosis ([@bib14]; [@bib16]; [@bib59]; [@bib53]; [@bib57]). In *Mertk*^*−/−*^ mice, a phagocytic deficiency results in the nearly complete death of PRs by 12 weeks of age ([@bib59]; [@bib8]). We have previously shown that *Tyro3* mouse mutants, *Gas6* mouse mutants, and retina-specific *Pros1* mouse mutants all have a normal number of PRs at this time ([@bib59]; [@bib8]); but that *Gas6/Pros1* double mutants display PR death and retinal degeneration that fully phenocopies the degeneration of the *Mertk* mutants ([@bib8]).

These analyses demonstrate that Pros1 acts as an effective Mer activator during RPE cell phagocytosis but not that this occurs through direct binding of Pros1 to Mer. To address this question, we generated *Tyro3*^*−/−*^*Gas6*^*−/−*^ double mutants. In these mice, the only TAM ligand remaining is Pros1, and the only TAM receptor through which it can bind and signal in RPE cells is Mer. As noted above, RPE cells do not express Axl ([@bib8]), which, in addition, is only activated by Gas6 ([Figure 2E,F](#fig2){ref-type="fig"}). As described previously, PR death can be assessed quantitatively in retinal sections by measuring the radial thickness of the outer nuclear layer (ONL), which is composed exclusively of PR nuclei ([@bib8]). In 10--12-week old wild-type ([Figure 7A](#fig7){ref-type="fig"}, first panel), *Gas6*^*−/−*^ ([Figure 7A](#fig7){ref-type="fig"}, third panel), and *Tyro3*^*−/−*^ retinae ([Figure 7A](#fig7){ref-type="fig"}, fourth panel), the ONL has a normal radial thickness of ∼50 μm and consists of 12--15 compact PR nuclei ([@bib59]; [@bib8]). In marked contrast, the *Mertk*^*−/−*^ ONL is reduced to a thickness of only 1--4 PR nuclei ([Figure 7A](#fig7){ref-type="fig"}, second panel) ([@bib8]). (The [Figure 7A](#fig7){ref-type="fig"} panel illustrates a region of severe PR degeneration in which the ONL is only one nucleus thick.) We found that the *Tyro3*^*−/−*^*Gas6*^*−/−*^ ONL is also of wild-type thickness ([Figure 7A](#fig7){ref-type="fig"}, fifth panel). Thus, Pros1--Mer signaling alone is sufficient to mediate apparently normal phagocytosis in the retina.10.7554/eLife.03385.013Figure 7.The Pros1--Mer signaling axis is sufficient for RPE phagocytosis in the retina.(**A**) Dorsal--ventral H&E stained sections from 12--14 week mouse retinae. The outer nuclear layer (ONL), composed exclusively of PR nuclei, is delimited by the vertical white line. The ONL in the *Mertk*^*−/−*^ mutant (second panel) is reduced to a thickness of a single nucleus (arrow) and the outer segment (OS) layer above is absent. In contrast, the ONL in the *Gas6*^*−/−*^, *Tyro3*^*−/−*^, and the *Tyro3*^*−/−*^*Gas6*^*−/−*^ retinae is of a thickness that is indistinguishable from wild-type control. Bar: 50 μm. (**B**) Pros1-mediated activation of Mer in the RPE cell layer is independent of Tyro3 expression. Eye cups were acutely isolated from wild-type and *Tyro3*^*−/−*^ mice. Cornea, iris, and lens were removed, leaving the RPE cell layer exposed. The eyecup was cultured under starvation conditions for 3 hr, and subsequently stimulated with increasing concentrations of hPros1. Cell lysates were immunoprecipitated with anti-Tyro3 or anti-Mer antibodies and receptor activation monitored by immunoblotting with anti-phosphotyrosine antibody (pY).**DOI:** [http://dx.doi.org/10.7554/eLife.03385.013](10.7554/eLife.03385.013)

We also assessed the ability of hPros1 to activate Mer in a dissected RPE layer preparation in vitro ([@bib59]; [@bib8]). As before ([@bib59]), we isolated the eyecup from either wild-type or *Tyro3*^*−/−*^ adult mice and removed the cornea, lens, and retina to leave the apical surface of the RPE cell layer exposed. We then treated this surface, where Mer and Tyro3 are localized ([@bib59]), with hPros1. We have shown previously that purified Pros1 can enhance Mer autophosphorylation in this preparation ([@bib59]; [@bib8]). As shown in [Figure 7B](#fig7){ref-type="fig"} (upper two panels), we demonstrate that purified Pros1 can also activate Tyro3 in this preparation and can activate Mer in both wild-type and *Tyro3*^*−/−*^ RPE cells ([Figure 7B](#fig7){ref-type="fig"}, lower two panels). Thus, Pros1 induces Mer autophosphorylation in the RPE directly, in the absence of any other TAM receptor, and this Pros1-to-Mer activation alone is sufficient to maintain a normal number of PRs in the retina in vivo.

Genetic delineation of TAM receptor--ligand interactions in the testes {#s2-10}
----------------------------------------------------------------------

A second setting in which PtdSer-dependent TAM signaling plays an essential role is the homeostatic phagocytosis of apoptotic cells in the seminiferous tubules of the testes ([@bib42]). This setting is distinct from retina, where RPE cells phagocytize only a portion of a living cell. In the testes, Sertoli cells must engulf and clear millions of apoptotic germ cells that are generated normally during every cycle of mammalian spermatogenesis (\>10^8^/day in a human male). Sertoli cells express all three TAM receptors and both ligands ([@bib42]; [@bib11]), and *Tyro3/Axl/Mer* triple mouse mutants are infertile due to the toxic accumulation of ACs ([@bib42]). We used immunostaining with antibodies to activated (cleaved) caspase 3 (cCasp3; see 'Materials and methods') to quantify the number of ACs present in the 10--12-week seminiferous tubules across an informative set of TAM receptor and ligand mutants. We counted all activated cCasp3^+^ cells throughout an entire testis section and then normalized these counts to the number of tubule cross-sections present per testis section, which averaged 262.1 ± 20.6 (1 S.D.) and did not vary significantly for any of the genotypes we analyzed (data not shown).

We found that the major receptor required for Sertoli cell phagocytosis of apoptotic germ cells in the mouse testis is Mer ([Figure 8A,B](#fig8){ref-type="fig"} and [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"}). While *Tyro3*^*−/−*^, *Axl*^*−/−*^, and *Gas6*^*−/−*^ single mutant mice all displayed wild-type number of cCasp3^+^ ACs---∼0.02 cells per tubule cross-section ([Figure 8A](#fig8){ref-type="fig"}, and [Figure 8---figure supplement 1](#fig8s1){ref-type="fig"})--*Mertk*^*−/−*^ mice displayed nearly 20 times more ([Figure 8B](#fig8){ref-type="fig"}). In contrast to other tissues we have analyzed (e.g., the spleen), the number of ACs was not increased in *Mertk*^*−/−*^*Axl*^*−/−*^ double knock-outs compared to *Mertk*^*−/−*^ single knock-outs ([Figure 8---figure supplement 1A,C](#fig8s1){ref-type="fig"}). More tellingly, *Tyro3*^*−/−*^*Axl*^*−/−*^ double knock-outs displayed wild-type number of ACs in the testes ([Figure 8---figure supplement 1A,C](#fig8s1){ref-type="fig"}), and this was also the case for *Tyro3*^*−/−*^*Gas6*^*−/−*^ double knock-outs, in which the only possible TAM signaling axis is Pros1 to Mer ([Figure 8A,B](#fig8){ref-type="fig"}).10.7554/eLife.03385.014Figure 8.Pros1--Mer signaling is sufficient for TAM-dependent homeostatic clearance of apoptotic cells in the testis.(**A**) Representative H&E images (top row) or immunostaining for cleaved caspase 3 (cCasp3) (bottom row) in testis sections from 12--14 week old wild-type and TAM ligand and/or TAM receptor mutants. For the *Mertk*^*−/−*^ sections (second column), apoptotic cells are highlighted with white asterisks in the H&E-stained section, and cCasp3+ cells are highlighted with black asterisks. Bar: 100 μm. (**B**) Quantitative analysis of the number of apoptotic cells in wild-type and various TAM receptor/ligand mutants. Cleaved caspase 3+ cells and tubule cross-sections were counted in four testis cross-sections per mouse. Data are expressed as average number of ACs per number of total tubule cross-sections in each testis section. Error bars represent standard error of the mean for three independent animals. (**C**) TAM receptor expression in TAM receptor and TAM ligand mouse mutants. Testes were collected from 12- to 14-week old mice of the indicated genotypes and lysed. Lysates were subjected to SDS-PAGE and immunoblotting with anti-Tyro3, Axl, and Mer antibodies, with anti-Akt serving as a loading control. (**D**) Comparative analysis of TAM expression in the testis. Lysates from either wild-type testis or TAM TKO MEFs expressing HA-tagged Tyro3, Axl, or Mer were subjected to SDS-PAGE and subsequent quantitative Licor immunoblotting with the indicated antibodies. (**E**) Band intensity of the HA-tagged TAM receptors relative to each other and to wild-type testis was calculated using Licor Odyssey software and utilized to calculate the TAM protein expression relative to Tyro3 in the wild-type testis.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.014](10.7554/eLife.03385.014)10.7554/eLife.03385.015Figure 8---figure supplement 1.Tyro3 and Mer are key regulators of homeostatic apoptotic cell clearance in the testis.(**A**) Representative H&E images (top rows) and immunostaining for cCasp3 (bottom rows) in 10- to 12-week old wild-type and TAM-deficient animals of the indicated genotypes. All mice except for TAM TKOs were on a pure C57Bl/6 background. Bar is 100 μm. (**B**) Comparison of the number of apoptotic cells identified by cCasp3 immunostaining in wild-type (WT) and *Tyro3*^*−/−*^*Mer*^*−/−*^ double mutant testis at 10--12 weeks (young) vs the same genotypes at 9--12 months (old). Bar is 100 μm. (**C**) Quantitative analysis of apoptotic (cleaved Casp3^+^) cells in wild-type and various TAM ligand and/or TAM receptor mutants. Apoptotic cells as determined by cCasp3 staining and tubule cross-sections were counted in four testis sections per animal and averaged per number of total tubule cross-sections. All mice except for TAM TKOs were on a pure C57Bl/6 background. Error bars represent standard error of the mean for three independent animals (*Pros1*^*f/−*^*Gas6*^*−/−*^, n = 2). (**D**) Quantitative analysis as in (**C**) for the young/old testis comparison illustrated in (**B**). These mice were on a hybrid C57Bl/6 × 129sv background.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.015](10.7554/eLife.03385.015)

In contrast to the retina, we observed a significant effect of *Tyro3* mutation in the presence of an existing *Mertk* mutation: *Tyro3*^*−/−*^*Mertk*^*−/−*^ double mutants displayed substantially more ACs in the testis (∼2 cCasp3^+^ cells per each tubule cross-section) than did *Mertk*^*−/−*^ single mutants ([Figure 8---figure supplement 1A,C](#fig8s1){ref-type="fig"}). Combining all three receptor knock-outs in *Tyro3*^*−/−*^*Axl*^*−/−*^*Mertk*^*−/−*^ triple mutants led to a massive accumulation of ACs and cCasp3^+^ material that made accurate counting of ACs impossible ([Figure 8---figure supplement 1A](#fig8s1){ref-type="fig"}). This suggests that in the absence of Mer and Tyro3, Axl can also mediate AC phagocytosis. Finally, we examined the effect of removing all Gas6 and half the normal Pros1 throughout the mouse and found that the *Pros*^*fl/−*^*Gas6*^*−/−*^ testes also contained a wild-type number of ACs ([Figure 8---figure supplement 1C](#fig8s1){ref-type="fig"}). Thus in both the testes and the retina ([@bib8]), only half the normal level of only a single TAM ligand (Pros1) is sufficient to maintain an essential level of TAM-dependent phagocytosis.

All three TAM receptors are detectable by western blot in the testis ([Figure 8C](#fig8){ref-type="fig"}), and there was no significant compensatory change in Tyro3, Axl, or Mer expression in *Mertk*^*−/−*^, *Tyro3*^*−/−*^, *Gas6*^*−/−*^, or *Tyro3*^*−/−*^*Gas6*^*−/−*^ mice ([Figure 8C](#fig8){ref-type="fig"}). We used comparative signal intensities on Licor immunoblots of lysates from testis and TAM TKO MEFs expressing HA-tagged Tyro3, Axl, and Mer ([Figure 8D](#fig8){ref-type="fig"}) to determine that the relative protein expression level of TAM receptors in the testis is Mer \> Tyro3 \> Axl ([Figure 8E](#fig8){ref-type="fig"}). Finally, we confirmed that the phenotypes we analyzed at 10--12 weeks were fully developed by this time. We measured the number of cCasp3^+^ cells in wild-type vs *Tyro3*^*−/−*^*Mertk*^*−/−*^ mice at 10--12 weeks vs 9--12 months and saw that this number was the same in both the young and aged testis ([Figure 8---figure supplement 1D](#fig8s1){ref-type="fig"}). Together, these results indicate that Mer is the major facilitator of steady-state homeostatic phagocytosis in both the retina and the testis, and that binding and activation of this receptor by Pros1 alone at only half its normal gene dose is sufficient to maintain normal levels of phagocytosis.

Discussion {#s3}
==========

TAM rules of engagement {#s3-1}
-----------------------

From the above analyses, we draw seven salient conclusions with respect to TAM receptor--ligand--phospholipid interactions, which are summarized in [Figure 9](#fig9){ref-type="fig"}. First, Gas6 alone is capable of binding to and activating Tyro3, Axl, and Mer when these receptors are expressed in isolation and is especially potent as a ligand for Axl. Second, Pros1 alone is capable of binding to and activating Tyro3 and Mer but does not function as a ligand for Axl. Third, the PtdSer-binding Gla domain of Gas6, PtdSer itself, and calcium are all required for optimal receptor activation but none is required for receptor binding. Fourth, ligand binding does not translate into receptor activation: Gla-less Gas6 binds as well to Axl as does its full-length counterpart, but is dead as an activator, and full-length Gas6 binds to Axl in the presence of EDTA but does not activate. Fifth, receptor heterodimerization is not an essential feature of TAM activation, since the TAM receptors can be activated by purified single ligands when expressed as single receptors in MEFs in the absence of any other TAM receptor, and in the retina, Mer activation in wild-type and Tyro3-deficient RPE cells is equivalent. Sixth, in the two settings of PtdSer-dependent 'homeostatic' phagocytosis---by RPE cells in the adult retina and Sertoli cells in the adult testes---Mer is the functionally predominant TAM receptor. And seventh, in these settings, Pros1 binding to and activation of Mer alone is sufficient to ensure wild-type levels of phagocytosis.10.7554/eLife.03385.016Figure 9.Rules of engagement for TAM receptor ligand interaction and signaling.Gas6 activates all three TAM receptors independently, but Axl is uniquely dependent on Gas6: Pros1 activates Tyro3 and Mer but not Axl. Optimal activation of any receptor by any ligand requires the simultaneous presence of PtdSer, which binds to the Gla domain of the ligands, and calcium ions (Ca^2+^). Gla-less Gas6 is dead as a ligand when assayed against Axl in isolation. Its Axl-bound orientation is schematized differently from Tyro3- and Mer-bound Gla-less Gas6, since the latter two result in partial kinase activation, although there are no structural data for these complexes. The right-most signaling configuration, in which full-length Gas6 is also inactive as an Axl ligand in the absence of PtdSer and Ca^2+^, is speculation based on the results of this paper and data in ([@bib85]). See text for details.**DOI:** [http://dx.doi.org/10.7554/eLife.03385.016](10.7554/eLife.03385.016)

Prior to this study, the relative binding and selectivity of Gas6 and Pros1 to the individual TAM receptors were incompletely understood. While Gas6 was widely regarded as a universal TAM ligand, the role of Pros1 in TAM-mediated signaling has, until recently, been controversial ([@bib22]; [@bib74]; [@bib8]), and older data regarding the relative potency of Gas6 and Pros1 in the binding and activation of the specific TAM receptors in vitro were conflicting ([@bib56]; [@bib50]; [@bib10]). Perhaps most importantly, all prior analyses of receptor activation following the addition of TAM ligands to cultured cells were confounded by the presence of endogenous TAM receptors in the cell lines used for these analyses. Together with earlier work from our group in the retina ([@bib8]), the studies of [Figures 7 and 8](#fig7 fig8){ref-type="fig"} represent the only use of molecular genetics to parse differential TAM receptor--ligand signaling interactions in vivo.

A lipid-regulated, calcium-regulated kinase in which the lipid and calcium are both extracellular {#s3-2}
-------------------------------------------------------------------------------------------------

Our experiments suggest a model in which the interaction between distinct TAM receptors and ligands defines a signaling signature that is specific for each ligand--receptor pair ([Figure 9](#fig9){ref-type="fig"}). This is best illustrated in the case of Gas6 activation of Axl, which is uniquely dependent on Gas6 for activation. Both full-length Gas6 and a Gla-less Gas6 variant that lacks its PtdSer-binding Gla domain bind to Axl with the same sub-nanomolar equilibrium dissociation constant, yet the former is an extremely potent Axl agonist while the latter is inactive, whether assayed in vitro or in vivo. Furthermore, full-length Gas6 cannot activate Axl in the presence of EDTA, which disrupts the binding of the Gas6 Gla domain to PtdSer. In a related study ([@bib85]), we have found that just as Axl is uniquely dependent on Gas6 for activation, so is Gas6 uniquely dependent on Axl for its stable localization in several different tissues in vivo. We find that Axl is constitutively pre-bound to Gas6 in these tissues but that this binding does not result in significant Axl activation ([@bib85]). Together, all of these observations suggest that the induced exposure of PtdSer is actually the regulated trigger for TAM activation and that the TAM receptor--ligand pair is in reality a PtdSer detector. They also suggest that a crystal structure of the two Ig-like domains of the Axl ectodomain bound to two molecules of Gla-less Gas6 ([@bib65]) reflects the structure of an inactive complex.

We propose that an effective TAM signaling complex in vivo is always tripartite, in that it is always composed of a TAM receptor, a Gla domain-containing TAM ligand, and the phospholipid PtdSer ([Figure 9](#fig9){ref-type="fig"}). This configuration is unique to the TAMs. In this regard, it is important to note that all settings of TAM-dependent 'homeostatic phagocytosis' are strictly co-dependent upon the exposure of PtdSer on the surface of the phagocytic target ([@bib72]; [@bib63]; [@bib35]). In the case of RPE cell phagocytosis of juxtaposed PR outer segment tips, PtdSer is locally exposed only on these outer segment tips (i.e., not on the remainder of the photoreceptor) and only during the narrow window after subjective dawn in which phagocytosis occurs each day ([@bib63]). The activity of Gla domains is also Ca^2+^-dependent, as these ions both stabilize the folded structure of the domain and also interact with PtdSer ([@bib4]; [@bib28]). Thus, the TAM receptor tyrosine kinases represent a novel addition to the set of enzymes, such as protein kinase C, whose activities are regulated by both calcium and lipid binding ([@bib39]; [@bib40]). The key difference for the TAMs is that neither the lipid nor the calcium binds the kinase directly. Instead, they bind the TAM ligands, which are outside the cell.

Axl--Gas6 and inflammation {#s3-3}
--------------------------

The dependence of Axl on Gas6 may be relevant to the fact that all of the very low level of Gas6 that is present in blood appears to be complexed with soluble Axl (sAxl) extracellular domain ([@bib19]). Upon Axl activation, this 'ectodomain' is proteolytically cleaved from the rest of the receptor ([@bib12]; [@bib55]; [@bib82]), which results in the generation of an sAxl--Gas6 complex. In related work, we have shown that this complex is also generated when Axl is activated in tissues subsequent to the injection of activating (cross-linking) α-Axl antibodies ([@bib85]). Although there are conflicting reports as to the presence of soluble Tyro3 and Mer ectodomains in serum and the possibility that Gas6 might also be bound to soluble Mer ([@bib66]; [@bib19]), antibody depletion of Gas6 from serum does not alter the gel filtration profile of either soluble Mer or Tyro3 ([@bib19]).

Elevated blood levels of soluble Axl have recently been reported to mark a variety of human disease and trauma states, including aortic aneurysm ([@bib18]), lupus flares ([@bib87]), pneumonia infection ([@bib31]), preeclampsia ([@bib41]), coronary bypass ([@bib34]), obesity and insulin resistance ([@bib26]), and limb ischemia ([@bib17]). We suggest that the generation of a soluble Axl--Gas6 complex is triggered by the induced cellular exposure of PtdSer in many of these settings.

Differential TAM activation in human disease {#s3-4}
--------------------------------------------

Aberrant TAM signaling in human disease, most notably in cancer, is now a major research focus ([@bib33]; [@bib48]; [@bib67]), and small-molecule TAM tyrosine kinase inhibitors and antibodies that inhibit TAM ligand--receptor binding are in development as cancer therapies ([@bib24]; [@bib84]; [@bib6]; [@bib67]; [@bib58]). These same inhibitors have been proposed for the treatment of enveloped virus infections ([@bib5]; [@bib70]). Conversely, TAM activators have been proposed as possible treatments for several autoimmune indications ([@bib62]; [@bib79]).

In each of these settings, our results indicate that it will be critical to know which TAM receptor to target. This will be particularly important in the context of cancer, since tumors profiled in the TCGA database (<https://tcga-data.nci.nih.gov/tcga/>) that exhibit mutation or expression changes in the *Tyro3*, *Axl*, and *Mertk* genes display a strong tendency towards mutually exclusive TAM changes across tumor types. At the same time, our studies here, related work in the immune system ([@bib85]), and prior analyses ([@bib68]; [@bib61]; [@bib69]; [@bib7], [@bib8]; [@bib9]) all demonstrate that distinct normal functions are preferentially assumed by individual TAM receptors and ligands in macrophages, dendritic cells, Sertoli cells, endothelial cells, and RPE cells. Our delineation of the rules of engagement for TAM signaling ([Figure 9](#fig9){ref-type="fig"}) therefore has important implications for the therapeutic application of inhibiting and activating TAM modulators, particularly with respect to their target specificity and the avoidance of possible treatment side effects in the immune, visual, and reproductive systems.

Materials and methods {#s4}
=====================

Antibodies and reagents {#s4-1}
-----------------------

Antibodies used were as follows: anti-Tyro3 (Santa Cruz, Dallas, TX, sc-1095, R&D Systems, Minneapolis, MN, AF759), anti-Axl (Santa Cruz sc-1097, R&D Systems AF854), anti-Mer (R&D Systems AF591), anti-HA (Covance, Princeton, NJ, MMS-101P, Roche, Mannheim, Germany 11 867 423 001), anti-Gas6 (R&D Systems AF986), anti-Akt (Cell Signaling, Beverly, MA, 4691), anti-Gapdh (Millipore, Billerica, MA, MAB374), anti-cleaved caspase 3 (Cell Signaling 9661), and anti-phosphotyrosine (Millipore 05--321). Human Pros1 was from Enzyme Research Laboratories, South Bend, IN, and Tet-Express from Clontech, Mountain View, CA.

Mice {#s4-2}
----

Mice were bred and housed in the Salk Institute Animal Facility in a sterile environment under a 12-hr light/dark cycle. All experiments and procedures were conducted according to the guidelines established by the Institutional Animal Care and Use Committee (IACUC). The *Tyro3*^*−/−*^, *Axl*^*−/−*^, and *Mertk*^*−/−*^ mutants ([@bib42]), the *Gas6*^*−/−*^ mutants ([@bib2]), and the floxed *Pros1* mutants ([@bib8]) were all as described previously. All mice used in this paper were on a pure C57Bl/6 background, with two exceptions: the *Tyro3*^*−/−*^*Axl*^*−/−*^*Mertk*^*−/−*^ (TAM TKO) triple mutant mice of [Figure 8---figure supplement 1A](#fig8s1){ref-type="fig"} and the young/old comparison of [Figure 8---figure supplement 1B,D](#fig8s1){ref-type="fig"}, both of which were on a mixed C57Bl/6 × 129sv background.

Generation of cell lines {#s4-3}
------------------------

Spontaneously immortalized MEF cell lines from *Tyro3*^*−/−*^*Axl*^*−/−*^*Mertk*^*−/−*^ and *Tyro3*^*−/−*^*Mertk*^*−/−*^ mutant mice were generated following a standard 3T3 protocol ([@bib83]). Briefly, E13.5--15.5 embryos were isolated from a pregnant female of each genotype, and embryo body was subject to manual dissociation and incubation with trypsin to isolate single cells. Proliferation of isolated cells was monitored for 15--25 passages, and a growth curve was calculated for each cell passage. Immortalized MEFs were subsequently frozen and utilized for experiments.

C-terminal HA-tagged Tyro3 or Axl cDNA was sub-cloned into pMX IRES retroviral vector. Retrovirus was produced in Phoenix Ampho cell lines and used to transduce TAM TKO cells. For Tet-inducible Mer cell lines, C-terminal HA-tagged Mertk cDNA was sub-cloned into a pRetroX-Tre3G vector and co-transfected with pAmpho env expression vector into a GP2-293 cell for retrovirus production according the manufacturer\'s protocol (Clontech). Clonal populations were generated following antibiotic selection and receptor levels normalized by quantitative immunoblotting using the HA tag.

Generation and purification of recombinant TAM ligands {#s4-4}
------------------------------------------------------

cDNAs encoding either full-length mouse Gas6/Pros1 or Gas6/Pros1 lacking the Gla domain were sub-cloned into pCep4 vector (Invitrogen, Carlsbad, CA). PCR primers introduced a C-terminal His~6~ tag for purification and the constructs were transfected into HEK293 cells. Cells were grown to confluency in DMEM supplemented with 10% FBS, 0.25 mg/ml G418, 100 µg/ml hygromycin, and Pen/Strep and subsequently switched to serum-free Pro CDMa medium (Lonza, Walkersville, MD) supplemented with 10 µM vitamin K2 (Sigma, St. Louis, MO) and Pen/Strep for 72 hr. Conditioned medium was passed through a 0.22 µm filter, affinity purified through a nickel-NTA resin, and further purified on an anion exchange column (Mono Q 5/5; GE Healthcare, Pittsburgh, PA) in 20 mM Tris--HCl, pH 8.0 using a sodium chloride gradient.

^125^I-rmGas6 binding assays {#s4-5}
----------------------------

Recombinant full-length mouse Gas6 was ^125^I-labeled by the iodogen method according to the manufacturer\'s protocol (Pierce, Rockford, IL). Immortalized *Tyro3*^*−/−*^*Mer*^*−/−*^ MEFs were plated in a 12-well dish in triplicate and subsequently pre-starved in 3% FBS in DMEM overnight until cells reach confluency. Cells were placed in starvation medium for 3 hr before binding assays were performed. For binding experiments, cells were incubated with ^125^I-labeled full-length rmGas6 with increasing concentrations of either unlabeled full-length rmGas6 or unlabeled Gla-less Gas6 for 3 hr on ice. Cells were washed and subsequently lysed overnight in 0.5 M NaOH. Radioactive content of the cell lysates was counted in Opti-Fluor (Perkin Elmer, Waltham, MA) using a scintillation counter (Beckman Coulter, Brea, CA, LS6500). The half-life of the displacement curves was determined by fitting the curve with Prism software (Graphpad).

Immunocytochemistry {#s4-6}
-------------------

Cells were plated on glass coverslips, pre-starved overnight in 3% FBS/DMEM, and subsequently incubated in serum-free medium for 3 hr prior to treatment. Coverslips were briefly washed with 1× PBS, fixed for 15 min with 4% paraformaldehyde (PFA)/PBS, incubated in blocking buffer (3% BSA/0.05% saponin/PBS), primary antibody, and fluorophore-conjugated secondary antibody diluted in blocking buffer. For live labeling for surface receptor expression ([Figure 1B](#fig1){ref-type="fig"} and [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}), coverslips were transferred to chilled serum-free cell culture medium supplemented with anti-Tyro3 or anti-Axl antibodies (R&D Systems) on ice for 30 min. Coverslips were briefly washed with ice cold PBS, fixed for 15 min in 4% PFA/PBS, incubated with a fluorophore-conjugated secondary antibody, and counterstained with Hoechst solution. For live labeling for Gas6 binding assays ([Figure 4D](#fig4){ref-type="fig"}), coverslips were transferred to chilled serum-free cell culture medium with and without TAM ligand or EDTA, respectively, at 4°C for 90 min. Coverslips were briefly washed with ice cold PBS, fixed for 15 min in 4% PFA/PBS, and incubated with primary antibody, fluorophore-conjugated secondary antibody, and counterstained with Hoechst solution. Following washing with 0.1% Tween-20/PBS, coverslips were mounted using Fluoromount G (Electron Microscopy Sciences) and visualized with a Zeiss LSM 710 Laser Scanning Confocal Microscope.

Tissue culture, immunoprecipitation, and western blotting {#s4-7}
---------------------------------------------------------

MEFs were grown in Dulbecco\'s Modified Eagle\'s Medium supplemented with 10% FBS, and Pen/Strep, and selection antibiotic. Prior to stimulation with ligand, cells were pre-starved overnight in DMEM supplemented with 3% FBS and Pen/Strep and subsequently incubated in starvation conditions for 3 hr.

For BMDM cultures, bone marrow was isolated from tibiae and femurs of 6- to 12-week old C57Bl/6 mice according to the guidelines of the International Animal Care and Use Committee (IACUC). Bones were flushed with DMEM supplemented with 10% FBS and Pen/Strep, spun down at 350 × *g* for 6 min, incubated with ACK lysis buffer for 1 min, and hematopoietic progenitors incubated with DMEM supplemented with 10% FBS, 30% L929 conditioned medium, Pen/Strep, and glutamax. Cells were supplemented with fresh medium on day 3 and cells re-plated on day 7 in DMEM supplemented with 10% FBS and Pen/Strep for experiments. For activation assays, cells were placed under starvation conditions supplemented with 100 nM dexamethasone and Pen/Strep overnight.

Following stimulation with TAM ligands at the indicated concentrations and time periods, cells were washed in PBS and lysed in lysis buffer \[50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 25 mM NaF, 10 µM ZnCl~2~, and protease and phosphatase inhibitors (Roche, Sigma)\] for 30 min on ice. For immunoprecipitation, cell lysates were incubated with anti-HA high affinity (Roche), anti-Mer (R&D System), or anti-Tyro3 (Santa Cruz) antibodies, and either protein A/protein G-Sepharose conjugated beads (Life Technologies). Immunoprecipitates were washed 4× with HNTG buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton X, 10% glycerol, 1 mM Na~3~VO~4~), separated by SDS-PAGE, transferred to PVDF membrane (Millipore), incubated with primary antibodies in blocking buffer (1% casein block in PBS) (Biorad), and western blots were developed using an Odyssey Gel Imaging System (Licor).

Histology and immunohistochemistry {#s4-8}
----------------------------------

Mice were collected at 12--14 weeks and were anesthetized with 2.5% avertin in saline. Mice were perfused with 20 U/ml heparin/PBS and subsequently with 4% PFA in PBS. Eyes were processed as previously described ([@bib8]). Testes were collected, immersion fixed overnight at 4°C, infiltrated with 30% sucrose/PBS overnight at 4°C, and flash frozen in TBS tissue freezing medium. 10 µm serial sections were cut for light microscopy studies and immunohistochemistry, respectively. Sections were air dried overnight at room temperature and subsequently frozen at −80°C.

For cCasp3 staining, sections were washed in PBS, incubated in 0.3% H~2~O~2~ in PBS to block endogenous peroxidase activity, blocked in 3% BSA in PBS, and incubated in anti-cCasp3 (Cell Signaling) diluted in blocking buffer. DAB staining was performed with an ABC Vectastain Kit (Vector Labs) and Peroxidase Substrate Staining Kit (Vector Labs). Following washing steps in PBS + 0.1% Tween-20, slides were counterstained with hematoxylin for 1 min and mounted using VectaMount (Vector Labs). For quantitation, cCasp3-positive cells and tubule numbers from four testis cross-sections per animal were counted and averaged per animal. Error bars represent standard error of the mean from three independent animals.

Flow cytometry {#s4-9}
--------------

Cells were plated in 6-cm dishes and when cells reached confluency, they were pre-starved in 3% FBS/DMEM overnight and then incubated in starvation medium for 3 hr before experiment. Supernatant was collected for analysis, and adherent cells were washed with PBS, incubated with 0.25% trypsin briefly, and collected in FACS buffer (0.5% BSA/0.1% Na azide/PBS supplemented with either 2 mM CaCl2 or 10 mM EDTA). Supernatant and cell samples were incubated with pSiva-IANBD and Propidium iodide (PI) (Imgenex) for 30 min on ice. Samples were sorted on a Becton-Dickinson LSR II (Salk Institute Flow Cytometry Core Facility) and data analyzed using FloJo software (Treestar).

Gas6 injections in vivo {#s4-10}
-----------------------

Male and female 13- to 15-week old mice were injected intravenously (retro-orbital injection, 100 μl final volume) with 30 μg full-length recombinant mouse Gas6 (in saline), Gla-less recombinant Gas6, or saline as a control. Mice were sacrificed at 30 min post-injection and the spleens split in half: one half was snap frozen for biochemical analysis and the second half was fresh frozen in OCT freezing medium, as indicated in [Figure 5](#fig5){ref-type="fig"}.
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "Differential TAM receptor-ligand-phospholipid interactions delimit differential TAM bioactivities" for consideration at *eLife*. Your article has been favorably evaluated by Charles Sawyers (Senior editor), a Reviewing editor, and 3 reviewers.

The Reviewing editor has assembled the following comments to help you prepare a revised submission.

A common complaint is the use of human S protein in much of the work instead of the murine S protein. This seems to be a big problem in the reviewers\' minds and will need to be addressed. Either much of the work will have to be repeated with the mouse protein, or some disclaimers will have to be injected into the paper that convince us that this is not an important issue.

There are several complaints about quantification of the responses, titration of stimuli, error bars, and saturation of responses. The points seem clearly laid out. I think the complaints have merit and need to be addressed, either experimentally or verbally. Good quantification, with error bars, is needed to validate the claims drawn from the data. This would seem to be a major part of the paper and so must be dealt with.

*Reviewer 1 major comments*:

The paper describes a large body of work to address important questions related to the TAM receptors and their ligands. The authors have created unique reagents and the results obtained are very interesting and valid. The paper addresses questions that have previously been studied by others, but the unique set of reagents make it possible for them to give clear answers. The work is of high quality and the conclusions are valid. I have the following concerns the authors need to address:

The authors have used human protein S in the majority of the experiments as it showed to be more potent than murine protein S as a TAM-activator. In a study wanting to compare the physiological role of TAMs and their ligands in a defined setting, this is not really relevant. The study would benefit from using murine protein S throughout the study.

In the experiments testing the thrombin-cleavage-dependent effects of protein S, I am not convinced the protein S has been fully processed. Have the authors verified that the thrombin cleavage is complete (e.g. using a GLA-antibody on a western blot)? As the authors state that only half the physiological amounts of protein S is needed in vivo to activate TAMs, a partial thrombin cleavage might not show strong effects in a stimulation experiment. Likewise, it would be good to use in addition a lower protein S concentration for the stimulation to see a dose dependence, as well as to study also Mer phosphorylation in the same setup. In addition, it is not clear to me why the authors have used mouse proteinS for this experiment whereas most other are performed with human protein S.

The authors discuss the role of ptdser in TAM activation by Gas6 and suggest that ptdser is always needed for optimal TAM activation. An experiment on receptor phosphorylation in the presence of an excess of liposomes with and without ptdser could easily show if there is an added effect of circulating ptdser. In addition, it is not clear whether the authors suggest that ptdser-exposure on the same cell as TAM-expression or ptdser in circulation/on interacting cells is the crucial factor.

The authors claim that sAxl is released from the cell surface upon Axl activation. This has not been clearly shown and should not be addressed as a fact. An experiment studying sAxl release into the cell culture supernatant upon Gas6-mediated Axl stimulation could give more support to this claim.

*Reviewer 2 major comments*:

Lew et al. describe an interesting set of studies of ligand engagement and activation in the TAM family, clearing up several important issues and providing some valuable observations. Using purified ligands and MEFs engineered to express single TAMs (a clear and elegant system for these studies), they show that Gas6 functions as a ligand for Tyro3, Axl, and Mer. They argue that Axl is most potently activated (see point1 and 2 below). On the other hand, the authors show that Pros1 activates Tyro3 and Mer, but argue that it does not activate Axl ( see point 1 and 3 below). They further show that the Gla domain is important for activation -- but not necessarily for receptor binding, and Axl appears most dependent on the presence of the Gla domain in Gas6 (see point 4 below). The observed differences appear to track with the Ig domains of the receptors. Finally, the data supporting Pros1/Mer signaling in retinal phagocytosis are quite compelling, and isolate that signaling axis impressively in an *in vivo* setting, and seem to support separate signaling functions of each receptor/ligand pair.

The systems used to tease out the signaling relationships here are excellent, and the data very informative for a poorly understood and interesting system. As a result, the manuscript should be of wide interest. There are a few important problems, though, most notably the tendency to draw quantitative conclusions about relative potencies from dose-response curves that are not saturated, and from data presented without proper quantitation or assessment of error (see point 1). The conclusions seem like they are broadly correct, but these biochemical data need to be presented in a way that can be objectively evaluated. Points 1-3 focus on this issue, which really needs to be addressed properly before publication should be considered.

Major points:

1\) There is a general concern throughout the manuscript that interpretations about relative potencies (and half-max ligand concentrations) are made without quantitation or (therefore) error bars -- and it is not stated how many repeats of each analysis were done. This issue resurfaces in several of the comments below that concern quantitative interpretations. Using Licor to follow tyrosine phosphorylation, results of quantification of 3 or more repeats needs to be shown, with error, for comparison of potencies etc.

2\) The dose-response assessment in [Figure 2B](#fig2){ref-type="fig"} does not really show that rmGas6 is a \'more effective\' ligand for Axl than Tyro3. Neither assessment reaches saturation of receptor phosphorylation (see point 1 above), and the trends with ligand concentration look very similar as far as they go. If the two receptors saturate at different pY/4G10 signals, the half maximal values may very well be the same (with no higher activation for Axl). There are similar problems with many of the dose-response curves in the paper (although signal may be saturated in rmGas6 activation of Tyro3 in [Figure 2D](#fig2){ref-type="fig"}, and in [Figure 3A and 5](#fig3 fig5){ref-type="fig"}), making comparisons difficult.

3\) Given the background signal in [Figure 2C](#fig2){ref-type="fig"} (compared with 2E), it is difficult to be completely convinced that hPros1 activates Mer but not Axl. There is clearly some Mer activation - although it remains unclear what hPros1 concentration is required to saturate. For Axl in [Figure 2C](#fig2){ref-type="fig"}, comparison of the 5, 10, and 50nM lanes suggest some activation - but the 100nM lane argues otherwise (how many times was this done - the authors do not say). It is difficult to know whether this is a problem with just that sample. Comparing Pros1 activation of Mer in [Figure 2F and](#fig2){ref-type="fig"} (claimed lack of) Axl activation in [Figure 2C](#fig2){ref-type="fig"} also reduces confidence. The data need to be quantitated in order to make the quantitative comparison made here (as done for Mer in [Figure 2F](#fig2){ref-type="fig"} but not for Axl in [Figure 2C](#fig2){ref-type="fig"}). Error bars also need to be provided for the Licor-based quantitation -- with statement of how many repeats were performed -- if the case for Pros1 activation of Mer but not Axl is to be made convincingly.

4\) One has to wonder how physiologically significant is the difference between Axl and the other TAMs in terms of Gla domain dependence. Whereas Gla-less Gas6 seems to lose efficacy for Axl, removal of the Gla domain still reduces potency perhaps 20-50 fold for Mer and Tyro3. It would be helpful for the authors to put this into physiological context. What is the functional difference between \'dead\' and 20-50 fold impaired for Gas6? Is there any?

5\) Was cell surface expression of ECDTIgITKA confirmed, to exclude the trivial possibility that it is not accessible to hPros1 in [Figure 5D](#fig5){ref-type="fig"}?

*Reviewer 3 major comments*:

Lew et.al. investigated the mechanisms of signaling mediated by Gas6 and protein S via interaction(s) with TAM receptors (TYRO3, Axl, Mer). Cell lines derived from TAM knockout mice enabled them to analyze the ability of Gas6 and protein S to elicit signaling from each type of TAM receptor by ectopically expressing one type of the receptors. They found that Gas6 can elicit signaling through all TAM receptors, while protein S can only do so through Mer and TYRO3. Using chimeric receptors, they demonstrated that the extracellular Ig domains of the receptors determine the ability of the receptors to elicit signaling in response to protein S. They also found that interactions between the Gla domain of protein S/Gas6 and phosphatidylserine are necessary for optimal signaling. They analyzed the roles of protein S, Gas6, and TAM receptors in phagocytosis in the retina and testis, using various types of knockout mice. Based upon analysis of knockout mouse phenotypes and their data from *in vitro* analysis of the signaling mechanisms, they claim that Mer and protein S play a predominant role in phagocytosis in the retina and testis. This reviewer sees two major concerns regarding experimental design used in this study:

1\) The authors used human protein S in studies investigating the mechanisms of signaling in murine TAM receptors ([Figures 2C F, 5D, and 6B](#fig2 fig5 fig6){ref-type="fig"}). Because the activity and specificity of protein S and Gas6 could be species-specific (ref. Hafizi and Darlback, FEBS J., 2006), it is not clear whether all the data acquired with human protein S are applicable to the signaling mechanisms of murine protein S. In addition, preparation of human protein S differed from that of murine protein S and Gas6; human protein S was purified from human serum, and both murine and human protein S were generated as His-tag-conjugated recombinant proteins. Therefore, comparison of human protein S and murine Gas6 abilities to induce signaling can be influenced by many factors, including purification methods, presence of tag sequence, and efficiency and types of post-translational modifications.

Because the data that compare signaling activity and specificity of murine protein S and Gas6 are very important to properly interpret the mouse *in vivo* data, most of the *in vitro* experiments investigating signaling mechanisms of protein S should be performed using murine protein S.

2\) The authors claim that PtdSer exposed on a small fraction of cultured cells binds to the Gla domain of protein S and Gas6, and this binding is necessary for optimal signaling via TAM receptors. To clearly show that PtdSer exposed on minor cell populations plays a critical role in Gas6/protein S signaling, it will be necessary to demonstrate that induction of PtdSer exposure and elimination of exposed PtdSer on cells affect the magnitude of signaling by protein S/Gas6.

10.7554/eLife.03385.018

Author response

*A common complaint is the use of human S protein in much of the work instead of the murine S protein. This seems to be a big problem in the reviewers\' minds and will need to be addressed. Either much of the work will have to be repeated with the mouse protein, or some disclaimers will have to be injected into the paper that convince us that this is not an important issue*.

As detailed below, we have done both. We have included significant additional data using recombinant mouse Protein S as a ligand for the TAMs, and have also cited recently published (e-published ahead of print) work in which human and mouse Protein S were found to be equivalent with respect to their ability to activate a hybrid receptor composed of either the Tyro3 or Mer extracellular domain linked to the cytoplasmic domain of the R1 chain of the IFNγ receptor. (Activation of the hybrid chimeras was monitored by STAT1 phosphorylation.) In general, we have used the purified human protein only because it is (for unknown reasons) more stable biochemically over time than the recombinant mouse protein that we produce and purify. However, we now show that both purified human and recombinant mouse Protein S have the same receptor specificity.

*There are several complaints about quantification of the responses, titration of stimuli, error bars, and saturation of responses. The points seem clearly laid out. I think the complaints have merit and need to be addressed, either experimentally or verbally. Good quantification, with error bars, is needed to validate the claims drawn from the data. This would seem to be a major part of the paper and so must be dealt with*.

We have addressed issues with respect to quantitation and reproducibility, which primarily relate to [Figure 2](#fig2){ref-type="fig"}, as outlined below in our responses to the individual reviews.

Reviewer 1 major comments:

*\[...\] The work is of high quality and the conclusions are valid. I have the following concerns the authors need to address*:

*The authors have used human protein S in the majority of the experiments as it showed to be more potent than murine protein S as a TAM-activator. In a study wanting to compare the physiological role of TAMs and their ligands in a defined setting, this is not really relevant. The study would benefit from using murine protein S throughout the study*.

The human Protein S we have used is a commercial product (Enzyme Research Laboratories) purified from human plasma, whereas the mouse Protein S is a recombinant protein that we have expressed and purified in-house. For unknown reasons, the purified human protein is in our hands slightly more potent and significantly more stable biochemically than the recombinant mouse protein.

This is the main reason that we have used it for many of our experiments. However, both the human and mouse proteins show the same specificity and are active ligands for mouse Tyro3 and Mer. We have now indicated this in the Results section of the revised paper. As suggested by Reviewer 1, we have also included additional results obtained with our recombinant mouse Protein S, in [Figure 2](#fig2){ref-type="fig"}, panels B, E and [Figure 2-figure supplement 1](#fig2s1){ref-type="fig"}. We have also cited a recent paper from Tsou *et al.* (*J. Biol. Chem*., in press, pii: jbc.M114.569020) in which mouse Protein S and human Protein S were compared with respect to their ability to induce STAT1 phosphorylation upon activation of a hybrid receptor composed of either the Tyro3 or Mer extracellular domain linked to the cytoplasmic domain of the R1 chain of the interferon-γ receptor. Human and mouse Protein S were found to be equivalently good ligands for both mouse Mer/γR1 and mouse Tyro3/γR1, as monitored by the activation of STAT1.

*In the experiments testing the thrombin-cleavage-dependent effects of protein S, I am not convinced the protein S has been fully processed. Have the authors verified that the thrombin cleavage is complete (e.g. using a GLA-antibody on a western blot)? As the authors state that only half the physiological amounts of protein S is needed in vivo to activate TAMs, a partial thrombin cleavage might not show strong effects in a stimulation experiment. Likewise, it would be good to use in addition a lower protein S concentration for the stimulation to see a dose dependence, as well as to study also Mer phosphorylation in the same setup. In addition, it is not clear to me why the authors have used mouse proteinS for this experiment whereas most other are performed with human protein S*.

Reviewer 1 is correct on each of these points. The problem that we face is that if we allow the thrombin incubation to run long enough for all of the Protein S to be cleaved, all of its bioactivity is lost. This is in spite of the fact that in intact serum, in which almost of the Protein S is thrombin-cleaved, the resident Protein S is a strong Tyro3 ligand. (It is important to remember that the objective of the experiment was test if cleavage is required to *activate* Protein S, which is apparently not the case since rmPros1 is active *before* thrombin cleavage.) Since these results are equivocal and not relevant to the main points of the paper, we have removed this supplemental panel from the revised paper.

*The authors discuss the role of ptdser in TAM activation by Gas6 and suggest that ptdser is always needed for optimal TAM activation. An experiment on receptor phosphorylation in the presence of an excess of liposomes with and without ptdser could easily show if there is an added effect of circulating ptdser*.

We published a similar experiment last year (Bhattacharyya *et al.*, *Cell Host & Microbe* 14(2): 136-47, [Figure 3](#fig3){ref-type="fig"}) in which we titered increasing concentrations of Gas6 and Protein S, in the absence or presence HIV-1-derived retroviruses that display PtdSer on the surface of their membrane envelopes. (The high level of surface PtdSer on HIV-1 allows the virus to be purified using Annexin V affinity methods; e.g., Callahan *et al.*, *J. Immunol*. 170: 4840.) We showed that the presence of the PtdSer-containing membranes dramatically shifted the dose-response curves (to lower protein concentration) for both Mer activation by Protein S and Axl activation by Gas6. In addition, the paper referenced as 'Zagórska *et al.* submitted' is now in press at *Nature Immunology*.

This paper contains a similar experiment using PtdSer-expressing apoptotic cells, and reaches the same conclusion. We have cited these experiments, and highlighted their significance in the Results section of the revised paper.

*In addition, it is not clear whether the authors suggest that ptdser-exposure on the same cell as TAM-expression or ptdser in circulation/on interacting cells is the crucial factor*.

In the case of the two settings that we analyze genetically in the paper -- the phagocytosis of the distal ends of photoreceptor outer segments by RPE cells in the eye, and the phagocytosis of apoptotic germ cells by Sertoli cells in the testis -- the PtdSer is unambiguously expressed on the membrane surface of an apposed cell. Without question, this is also the case for the phagocytosis of apoptotic cells by macrophages. In all of these settings, the phagocyte has the TAM receptor, which is TAM-ligand-bridged to the engulfment target, which displays the PtdSer. We do not exclude the possibility the PtdSer-rich membranes might bind ligand and thereby activate a TAM receptor in the same cell, but we envision that the geometry of this signaling interaction will make these situations unusual.

*The authors claim that sAxl is released from the cell surface upon Axl activation. This has not been clearly shown and should not be addressed as a fact. An experiment studying sAxl release into the cell culture supernatant upon Gas6-mediated Axl stimulation could give more support to this claim*.

Related experiments have been published. The Wilhelm *et al.* paper that we cite (*J. Neurochem.*, 2008, 107: 116) demonstrates that Axl cleavage by matrix metalloproteinases occurs subsequent to Axl activation (tyrosine phosphorylation), and can be inhibited by the broad-spectrum MMP inhibitor GM6001. We also cite (in the Discussion section of the revised paper) results from our in-press *Nature Immunology* paper, in which we show that antibody-induced Axl activation in tissues *in vivo* is accompanied by Axl proteolytic cleavage, and that the extent of cleavage is correlated with the level of Axl activation (more tyrosine phosphorylation, more cleavage).

Reviewer 2 major comments:

*\[The\] manuscript should be of wide interest. There are a few important problems, though, most notably the tendency to draw quantitative conclusions about relative potencies from dose-response curves that are not saturated, and from data presented without proper quantitation or assessment of error (see point 1). The conclusions seem like they are broadly correct, but these biochemical data need to be presented in a way that can be objectively evaluated. Points 1-3 focus on this issue, which really needs to be addressed properly before publication should be considered*.

*Major points*:

*1) There is a general concern throughout the manuscript that interpretations about relative potencies (and half-max ligand concentrations) are made without quantitation or (therefore) error bars -- and it is not stated how many repeats of each analysis were done. This issue resurfaces in several of the comments below that concern quantitative interpretations. Using Licor to follow tyrosine phosphorylation, results of quantification of 3 or more repeats needs to be shown, with error, for comparison of potencies etc*.

We have addressed these concerns with respect to activation profiles as detailed in our responses to the specific points of Reviewer 2 that follow. Although most of the immunoblots in the paper are indeed Licor blots, the panels showing Mer activation have a signal that is too low to be detected using Licor and these had to be developed using ECL ([Figure 2](#fig2){ref-type="fig"}, panels G, H, and supplement 1, as indicated in the figure legends). This is due to the lower Mer expression that we discuss in the Results section. Therefore, we could not use universal quantification for all the receptors. Instead we have shown multiple representative examples of our results. For example, in the revised [Figure 2](#fig2){ref-type="fig"}, the reader can now see three separate dose-response results for rmGas6 activation of Tyro3, all of which reach saturation. In the revised paper, we have also moderated the discussion of half-max ligand concentrations.

*2) The dose-response assessment in* [*Figure 2B*](#fig2){ref-type="fig"} *does not really show that rmGas6 is a \'more effective\' ligand for Axl than Tyro3. Neither assessment reaches saturation of receptor phosphorylation (see point 1 above), and the trends with ligand concentration look very similar as far as they go. If the two receptors saturate at different pY/4G10 signals, the half maximal values may very well be the same (with no higher activation for Axl). There are similar problems with many of the dose-response curves in the paper (although signal may be saturated in rmGas6 activation of Tyro3 in* [*Figure 2D*](#fig2){ref-type="fig"}*, and in* [*Figure 3A and 5*](#fig3 fig5){ref-type="fig"}*), making comparisons difficult*.

Reviewer 2 has a valid point here. We chose MEF lines that express approximately equal levels of Tyro3 and Axl (based on expression of the HA tag) and we can often detect Axl phosphorylation at slightly lower Gas6 levels than we can detect Tyro3 activation. However, Gas6 is indeed a strong ligand for both Axl and Tyro3. (Compare, for example, new panels 2B first 8 lanes, 2D left 7 versus right 7 lanes, and 2E left 7 lanes. All of these new panels reach saturation.) We have revised the text accordingly, in the Results section. Perhaps the most salient point of the [Figure 2](#fig2){ref-type="fig"} analysis is that Axl can *only* be activated by Gas6.

*3) Given the background signal in* [*Figure 2C*](#fig2){ref-type="fig"} *(compared with 2E), it is difficult to be completely convinced that hPros1 activates Mer but not Axl. There is clearly some Mer activation - although it remains unclear what hPros1 concentration is required to saturate. For Axl in* [*Figure 2C*](#fig2){ref-type="fig"}*, comparison of the 5, 10, and 50nM lanes suggest some activation - but the 100nM lane argues otherwise (how many times was this done - the authors do not say). It is difficult to know whether this is a problem with just that sample. Comparing Pros1 activation of Mer in* [*Figure 2F and*](#fig2){ref-type="fig"} *(claimed lack of) Axl activation in* [*Figure 2C*](#fig2){ref-type="fig"} *also reduces confidence. The data need to be quantitated in order to make the quantitative comparison made here (as done for Mer in* [*Figure 2F*](#fig2){ref-type="fig"} *but not for Axl in* [*Figure 2C*](#fig2){ref-type="fig"}*). Error bars also need to be provided for the Licor-based quantitation* -- *with statement of how many repeats were performed* -- *if the case for Pros1 activation of Mer but not Axl is to be made convincingly*.

As indicated above in our response to Reviewer 1, we have added new additional data -- in [Figure 2](#fig2){ref-type="fig"}, panels B and E and [Figure 2--figure supplement 1](#fig2s1){ref-type="fig"} -- for titration of recombinant mouse Pros1 against both Axl and Tyro3 expressed in isolation in MEFs, and Mer expressed in Dex-treated macrophages. We have also added new panels F and H to [Figure 2](#fig2){ref-type="fig"}, which show that hPros1 is able to activate Tyro3 and Mer but not Axl. The 'some activation' of Axl by Pros1 mentioned by Reviewer 2 reflects lower molecular weight bands that are seen specifically in α-pY blots for Axl-expressing MEFs only when Axl is *not* activated by exogenous Gas6 -- they consistently disappear when Axl is activated, and they do not increase in intensity with increasing concentrations of either rmPros1 or hPros1. (See [Figure 2](#fig2){ref-type="fig"} panel D, lane 8; panel E, lanes 1 and 8-11; and panel F, lanes 8-14.) We have clarified the nature of these bands (which may reflect a low basal level of phosphorylation due to MEF production of endogenous Gas6) in the legend to the revised [Figure 2](#fig2){ref-type="fig"}. These new data are consistent with our original data, and clearly demonstrate that neither hPros1 nor rmPros1 can activate Axl. They are also consistent with the in-press work of Tsou *et al.* (*J. Biol. Chem*., in press, pii: jbc.M114.569020) cited above, in which mouse Pros1 was found to be able to activate STAT1 phosphorylation downstream of hybrid receptors composed of the ectodomain of either Tyro3 or Mer linked to the cytoplasmic domain of the R1 chain of the IFN-γ receptor, but *not* to activate a similar hybrid receptor containing the Axl ectodomain. This is now discussed in the Results section.

Finally, in our in-press *Nature Immunology* paper, we show that phagocytosis of apoptotic cells by macrophages that exclusively express Mer can be stimulated by both Gas6 and Protein S, whereas phagocytosis in macrophages that express exclusively Axl can only be stimulated by Gas6. In concert, all of this new work overwhelmingly argues that Axl is activated by Gas6 but not by Protein S.

*4) One has to wonder how physiologically significant is the difference between Axl and the other TAMs in terms of Gla domain dependence*. *Whereas Gla-less Gas6 seems to lose efficacy for Axl, removal of the Gla domain still reduces potency perhaps 20-50 fold for Mer and Tyro3. It would be helpful for the authors to put this into physiological context. What is the functional difference between \'dead\' and 20-50 fold impaired for Gas6? Is there any?*

This is an interesting possibility, but one that we can't address definitively.

It is indeed possible that a 20-50-fold reduction in potency might mean that the Gla-less Gas6 is effectively inert as a Tyro3 or Mer ligand *in vivo*, but this will depend on local ligand concentration, clustering, and other variables. However, the key point we want to make is that in this assay system, there is clearly a difference between Tyro3/Mer and Axl -- this time in terms of the ability of Glaless Gas6 to activate them.

With respect to the inability of Gla-less Gas6 to activate Axl, we have also added a new set of *in vivo* experiments and a new [Figure 5](#fig5){ref-type="fig"} to the revised paper. We believe that these new experiments extend the findings of [Figure 3B and E](#fig3){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"} in a very powerful way. We injected (intravenously) either full-length or Gla-less recombinant mouse Gas6 into *Gas6-/-* mice, and then monitored the co-localization of the injected proteins with red pulp macrophages in the spleen 30 minutes after injection. (These macrophages are Axl-expressing.) We found that IV-injected full-length and Gla-less Gas6 bound equally well to these cells.

However, when we examined Axl activation (tyrosine phosphorylation) in these same macrophages, we found that the full-length ligand induced strong activation, while the Gla-less Gas6 produced no Axl activation at all -- equivalent to an injection of saline. We assume that the PtdSer required for Axl activation by full-length injected Gas6 comes from the blood, which is full of PtdSer-displaying microparticles (derived from platelets, erythrocytes, leukocytes, and endothelial cells). These dramatic new results are presented in the Results section of the revised paper.

*5) Was cell surface expression of ECDTIgITKA confirmed*, *to exclude the trivial possibility that it is not accessible to hPros1 in* [*Figure 5D*](#fig5){ref-type="fig"}*?*

Yes -- surface expression was confirmed. We have added a figure supplement to [Figure 6](#fig6){ref-type="fig"} to document this.

Reviewer 3 major comments:

\[...\] This reviewer sees two major concerns regarding experimental design used in this study:

*1) The authors used human protein S in studies investigating the mechanisms of signaling in murine TAM receptors (*[*Figures 2C F, 5D, and 6B*](#fig2 fig5 fig6){ref-type="fig"}*). Because the activity and specificity of protein S and Gas6 could be species-specific (ref. Hafizi and Darlback, FEBS J., 2006), it is not clear whether all the data acquired with human protein S are applicable to the signaling mechanisms of murine protein S. In addition, preparation of human protein S differed from that of murine protein S and Gas6; human protein S was purified from human serum, and both murine and human protein S were generated as His-tag-conjugated recombinant proteins. Therefore, comparison of human protein S and murine Gas6 abilities to induce signaling can be influenced by many factors, including purification methods, presence of tag sequence, and efficiency and types of post-translational modifications*.

*Because the data that compare signaling activity and specificity of murine protein S and Gas6 are very important to properly interpret the mouse in vivo data, most of the in vitro experiments investigating signaling mechanisms of protein S should be performed using murine protein S*.

As indicated above (please see our response to Reviewer 2, point 3), we have now included additional data with recombinant mouse Protein S in revised [Figure 2](#fig2){ref-type="fig"} and its supplement (five new panels in all). It is also important to emphasize that the genetic studies we present in the retina (revised [Figure 7](#fig7){ref-type="fig"}), together with those we have previously published in Burstyn-Cohen et al., *Neuron* 76: 1123-32 (2012), unambiguously demonstrate that mouse Protein S functions as a ligand for mouse Mer.

*2) The authors claim that PtdSer exposed on a small fraction of cultured cells binds to the Gla domain of protein S and Gas6, and this binding is necessary for optimal signaling via TAM receptors. To clearly show that PtdSer exposed on minor cell populations plays a critical role in Gas6/protein S signaling, it will be necessary to demonstrate that induction of PtdSer exposure and elimination of exposed PtdSer on cells affect the magnitude of signaling by protein S/Gas6*.

As discussed above, we have addressed this point in multiple ways. We show that a Gas6 variant that lacks its Gla domain and cannot bind PtdSer binds to Axl with wild-type affinity but is incapable of activating the receptor either in vitro or *in vivo* ([Figure 3, 4](#fig3 fig4){ref-type="fig"} and the new [Figure 5](#fig5){ref-type="fig"}). We have shown that the inclusion of PtdSer-containing membranes, from either apoptotic cells or enveloped viruses, shifts the ligand dose-response activation profiles for both Axl and Mer to lower ligand concentrations (Bhattacharyya et al. *Cell Host & Microbe* 14: 136-47 (2013); Zagórska et al., *Nature Immunology*, in press (October 2014), discussed in the Results section). We show that blocking PtdSer with annexin V inhibits Tyro3 activation ([Figure 4A](#fig4){ref-type="fig"}) and that depletion of calcium ions that are required for PtdSer-Gla domain interaction inhibits Axl activation but not binding by full-length Gas6 ([Figure 4C, E](#fig4){ref-type="fig"}). The phagocytosis of apoptotic germ cells by Sertoli cells in the testis and of outer segment membranes by RPE cells in the retina -- the two systems we analyze genetically in our paper -- have both been previously shown to be entirely dependent on the exposure of PtdSer, and in the case of the retina this exposure cycles during the day and is light-induced (Ruggiero et al., *PNAS* 109: 8145-8 (2012)). This is now discussed in the Discussion section.
